Introduction
The introduction of endoscopic technology has dramatically changed the landscape of skull base surgery. Advancements in image-guided navigation, endoscopic instrumentation, and understanding of anatomical relationships have allowed the utilization of new anatomical endoscopic corridors to reach regions beyond the sella, and historically reserved for open procedures.with significant morbidity due to cranial bone manipulation, brain retraction, and protracted recovery times. 8 However,
with advances in surgical techniques and reconstruction, reported complication rates of CFR have ranged from 25 to 49% 9-13 with mortality rates ranging from 4 to 5% over the past 20 years.
11
Since the introduction of the extended endoscopic approach to the skull base, an overwhelming majority of skull base research has been in the feasibility, safety, and justification of new endoscopic approach corridors. The development of safe endoscopic repairs of larger skull base defects 14, 15 and the concept that oncologic outcomes are dictated by negative margins, more so than en bloc resection, 11 have further decreased barriers to endoscopic resection of increasingly complicated lesions. Thus, indications for the open approach to the skull base are decreasing and the approach is becoming reserved for only the most complicated lesions.
In light of a new landscape of skull base surgery, previously reported outcomes of the open approach may become outdated. The current study was designed to characterize the developing complication profile of the open approach within a large, comprehensive, and endoscopically focused skull base referral center and explore predictors of open skull base surgery complications. We hypothesize that as the open approach is reserved for only the most complex lesions, overall complication rates of open surgery will be elevated compared with those cited in prior studies secondary to the innate morbidity of these complex skull base lesions.
Materials and Methods
After approval by the University of North Carolina Institutional Review Board, a retrospective chart review was conducted on patients requiring surgical treatment of skull base lesions by a single surgeon from December 2008 to December 2012. A total of 117 open and 330 endoscopic skull base surgeries were performed. Malignant tumors were staged according to the tumor, node, and metastases (TNM) staging system per the American Joint Committee on Cancer.
16,17
Records were evaluated for complications per the categorization of Kassam et al, 18 who reported complications in the largest endoscopic skull base cohort to date. Intraoperative complications were stratified into neural and vascular complications. Postoperative complications were stratified into infectious, systemic, and delayed complications. Systemic complications were defined as those resulting from surgery and subsequent hospital stay, however, not directly related to the surgical site. Delayed complications were defined as those resulting directly from surgery and occurring at the surgical site, but occurring in the postoperative period. Intraoperative, postoperative infectious, and postoperative delayed complication severity was measured by the presence of temporary or permanent neurological injury and death. Systemic complication severity was measured by the occurrence of death. Intraoperative cerebrospinal fluid (CSF) leaks were also recorded. Complications not requiring reoperation or extended care were classified as minor complications. Intraoperative complications or postoperative complications with the need for reoperation, extended care, or higher acuity care were classified as major complications. Potential risk factors for surgical complications were collected from medical records, including malignancy, fat or free grafting, preoperative radiation, age, obesity, smoking status, and need for flap reconstruction. Fisher exact test and Wilcoxon rank sum test were evaluated for associations of surgical complications with potential risk factors. When possible, odds ratios were used to control for more than one surgery per patient. Associations between surgical approach and complications were also explored using logistic regression models. For purpose of this analysis, mandibular infratemporal fossa (ITF), transmaxillary ITF and transparotid ITF approaches were combined into a single category. Additional logistic regression models explored complications between the above ITF approaches.
Results

Demographic Data
Out of 406 patients, 102 patients (25%) underwent 117 open surgeries (26%) during the study period with an overall mean age of 51 years (range 1-89). The cohort consisted of 59% males and 41% females. It comprised 69% Caucasians, 23% African Americans, and 8% Hispanics or Native Americans. Ninety patients (88%) had only one skull base surgery, 10 patients (10%) had two surgeries, and 2 patients (2%) had three or more surgeries. The mean length of follow-up was 1.4 years.
Lesion Characteristics
Squamous cell carcinoma was the most common pathology resected with open surgery (41; 34%), followed by arteriovenous malformation (6; 5%), sinonasal melanoma (4; 3%), neurofibroma (4; 3%), and osteosarcoma (4; 3%). Tumor extirpation was the indication for 90% of surgeries, with malignancies comprising 67 (64%) tumors. Of staged malignancies, 57 (92%) were classified as TNM stage IV, 2 (3%) as stage III, and 1 (1%) as stage I disease. Additionally, 6 (5%) procedures were performed for osteomyelitis or fistula repair, 3 (3%) for infectious pathologies, and 3 (3%) to repair encephaloceles or CSF leaks. One patient underwent surgery for basilar invagination. Number of open procedures performed for disease recurrences were 22 (19%).
Operative and Perioperative Data
The most common approach to the skull base was the infratemporal fossa approach which was used in 40 surgeries (34%), 35 CFR cases (30%), 15 transfrontal cases (13%), and 15 orbitozygomatic cases (13%). Of our 40 ITF approaches, the three most common subtypes of approaches were: transparotid approaches (11) , transmaxillary (8) , and approaches requiring mandibulectomy or mandibulotomy (8 Postoperative complications occurred in 53 (45%) cases, of which 36 (31%) were major complications. Infection was the most common postoperative complication and occurred after 27 (23%) cases and included 18 superficial wound infections (1 resulting in permanent neurological damage), 7 postoperative abscesses (1 resulting in transient neurological damage), and 2 cases of meningitis. One case of postoperative meningitis resulted in permanent neurological injury and subsequently death of a patient already in hospice care. Postoperative delayed wound complications occurred in 29 (25%) cases with hemorrhage (8) and hematoma (6) the most common wound complications. Two cases of postoperative delayed complications resulted in transient neurological deficits. Postoperative systemic complications occurred in 21 (18%) cases with pneumonia (6) and metabolic disturbances (6) as the most common complications. No deaths resulted from postoperative systemic complications. Two CSF leaks occurred postoperatively (one high flow and one low flow).
Complications stratified by surgical approach are presented in ►Table 2. Intraoperative, all-type postoperative and postoperative infectious, systemic, and delayed complication were all found to have significantly different rates between approach types (p < 0.005). Differences in all type postoperative complications between approach types approached significance (p ¼ 0.053). More postoperative complications occurred after infratemporal fossa (48%) and CFR (54%) approaches compared with orbitozygomatic (20%) and transfrontal (27%). In all classes of complications, "other" approaches had higher rates of complication. A separate linear regression model explored differences in complication rates between subtypes of ITF approach noted in ►Table 2. No significant differences were observed. 
Discussion
The open approach to the skull base has been significantly refined since its first description by Ketcham et patients undergoing open skull base surgery from 1970 to 2000 when including infections. The author's data suggest that current infection and delayed wound complication rates are comparable to those prior to the endoscopic era. Systemic complications occurred after 21 surgeries (18%) in our study. A significant portion of our systemic complications were classified as major (81%) and were largely driven by postoperative pneumonia, metabolic disturbances, and embolic events (►Table 1). Metabolic disturbances included five cases of renal insufficiency and one case of diabetes insipidus. Embolic events included two deep-vein thrombi, one upper extremity venous thrombosis, and one case of postoperative pulmonary embolus. Additional causes of systemic complication included two cases of recurrent gastrostomy tube malfunction requiring hospitalization, peripheral nerve neuropathy from intraoperative positioning, and one episode of asystole during hospitalization. Contrastingly, reported systemic complication rates for the open resection of benign and malignant skull base lesions from 1985 to 2000 ranged from 6 to 12%, with a mean of 8%. 10, 13, 19 Additionally, the International Collaborative Study Group 23 found only a 5% systemic complication rate, suggesting an increase in the systemic complication rate of our cohort compared with those reported on prior to the year 2000. The International Collaborative Study Group created the largest open skull base cohort to date which comprised surgeries performed prior to the advent of the endoscopic era. 11, 23 While the cohort contained only malignant tumors, it comprised individual series from prior studies that investigated both benign (9-26%) and malignant (65-91%) disease processes with similar complication profiles to those of the collaborative cohort. 8, 13, 20, 22, 24, 25 Similar to our study, the most common histologies were squamous cell carcinoma (32%) and adenocarcinoma (15%). The collaborative cohort comprised 47% stage IV and 10% stage III tumors, 11 while the malignant tumors in our cohort were 92% stage IV and 3% stage III disease. Additionally, 42% of malignancies in our study required preoperative head and neck radiation, while only 28% of surgeries were performed after head and neck radiation in the International Collaborative Study.
11
Larger resections have long been known to predispose to higher complications as early studies found that involvement of both the anterior fossa and temporal regions is the largest predictor of postoperative complication and that surgical involvement of more than one skull base site is significantly associated with postoperative complications.
24, 26 Zada et al 27 recently postulated that the few remaining indications for pursuing an open approach to the skull base include lesions necessitating larger resections of more morbid disease, with greater intracranial extension, more firm tumor consistency, and increased proximity or encasement of vital structures. Additionally, prolonged operative time from the resection of more extensive and complicated disease has been associated with increased systemic complications secondary to operative physiologic stress. 28, 29 Patients with higher-stage disease and more extensive resection also frequently require more advanced reconstruction and inherently have more comorbidities and prolonged hospital stays, which may have contributed to our relatively increased systemic complications. Our patients underwent flap reconstruction in 66 (56%) cases, and our analysis did reveal a significant association with flap reconstruction and postoperative systemic complications. Many of our systemic complications such as pneumonia, deep venous thrombosis, and pulmonary embolism are often associated with prolonged hospital stays, 30 which are frequently necessitated after flaps or other complex reconstructions. 31 Subsequently, our study likely found relatively increased systemic complications, unchanged rates of infection, and delayed complications because the open approach was reserved for the largest, most complex lesions, which are inherently associated with increased morbidity. This increased morbidity emphasizes the current selection bias when comparing open and endoscopic series. We compared the complication profiles of this provider's endoscopic and open skull base practices, and agreeing with previous studies, the open cohort experienced higher rates of all-type postoperative complications (45 vs. 12%). Endoscopic surgery comprised 74% of this provider's skull base practice. Malignancies comprised only 24% of endoscopic cases and 86% of these tumors were clinically staged as T4. Open approaches had higher rates of postoperative infection (23 vs. 3%), systemic complications (18 vs. 6%), and delayed wound complications (25 vs. 4%). Open and endoscopic approaches resulted in similar rates of intraoperative complications (4 vs. 2%, respectively). Rates of endoscopic and open complications are compared in ►Table 4. Although, as previously mentioned, significant selection bias is present in such comparisons, continued comparisons remain justified as the territory of endoscopic skull base surgery expands and surgeons face more frequent decisions between endoscopic or open approaches.
Some authors advocate initial attempts at endoscopic approaches even in the setting of historically relative contraindications. 27 Subsequently, the endoscopic era has added a new paradigm to preoperative decision-making and counseling, highlighting the importance of exploring predictors of open complications. As discussed, our analysis did find an association between flap reconstruction and postoperative complications as free flap reconstruction is commonly used for only the largest soft tissue defects. 23 We also explored age, malignancy, obesity, smoking status, and prior radiation because these factors are readily known preoperatively, thus could aid in risk stratification before recommending open surgery to patients. Our data suggest that smokers may have a higher risk of intraoperative and postoperative complications after open skull base surgery. Patients with prior head and neck radiation may also have a higher risk of postoperative wound infections. Given the significant evident increase in complication rates of undergoing an open approach to the anterior skull base, it is important to characterize complication profiles of popular open approaches. As noted in ►Table 2, we did find significantly different complication profiles between approach types. Orbitozygomatic and transfrontal approaches had less all-type postoperative, postoperative infectious, systemic, and delayed complications than ITF and CFR approaches. This was despite the fact that ITF and CFR approaches were utilized approximately twice as often. "Other" approaches had significantly higher complication rates. This may be secondary to lesser frequency of use and subsequent lower experience with these respective approaches, including transoral, transplanar, cervical, and temporal bone resections. Given the frequency at which the ITF approach was used, we felt it useful to explore any differences in complication rates between ITF approach subtypes (transparotid, transmaxillary, and mandibulectomy/ mandibulotomy), and no significant differences in postoperative complications were observed between these subtypes (p ¼ 0.477).
Although our study is retrospective, we performed a continual and consecutive series with the only inclusion criteria being skull base surgery. There is an inherent lack of uniformity when comparing our complications with those of prior studies, which limits our assessments. However, by classifying our complications by the criteria of Kassam et al 18 and continuing to do so in future studies, we can improve the standardization of skull base outcomes research and allow for improved inter-and intra-study comparisons. Additionally, surgeries were performed by one surgeon, which may limit the applicability of our results to other institutions. However, our goal was to examine this specific provider's skull base practice as it is uniquely comprehensive (open and endoscopic) and portrays open complications in such a practice.
Based on our experience, we believe that the complication risk of open skull base surgery will initially rise as surgeons increasingly adopt endoscopic techniques. Our practice has attempted to be early adopters of minimally invasive skull base surgery as the landscape has evolved with 74% of skull base surgeries performed endoscopically over 4 years of practice. Subsequently, our data may forecast the complication profiles of other skull base practices that have not yet adopted a similar endoscopic volume. As the feasibility and safety of endoscopic skull base surgery is further established and the approach is adopted for increasing types of lesions that would historically be reserved for open surgery, surgeons will face new decisions between open and endoscopic approaches. Considering the complication profile found in this study, the decision to pursue lesions with an open approach must not be taken lightly and patients should be counseled appropriately. Consequently, future studies are needed to delineate indications for the open approach in the endoscopic era.
Conclusion
The open approach to the skull base was found to have higher rates of postoperative infections, delayed complications, and systemic complications than the endoscopic approach. Flap reconstruction was significantly associated with increased 
